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I. INTRODUCTION

In 1974, the U.S. and U.S.S.R. signed a Threshold Test Ban

Treaty (TTBT) which prohibits the testing of underground nuclear explo-

sions with yields greater than 150 kilotons. Upon ratification, tne

treaty calls for the bilateral exchange of certain geologic and geophysi-

cal data, as well as the yields of two calibration events, in each so-

called "geophysically distinct" testing area, in order to facilitate

verification of treaty compliance. Although not defined explicitly in

the TTBT protocol, the term "geophysically distinct" is intended to de-

note an area within which the geophysical parameters controlling the

magnitude-yield relationship are uniform; that is, an area within which

a single yield-scaling relation holds for all explosions. However, a0
7
-/  problem arises in that for areas such as the principal U.S.S.R. under-

ground nuclear testing areas near Semipalatinsk, it is not obvious how

such geophysically distinct areas can be recognized using information

known to us at the present time. For this reason, over the past several

years we have been conducting a series of research investigations directed

toward assessing the feasibility of using teleseismic P wave data re-

corded from explosions -o identify geophysically distinct testing areas

within the Shagan River region of the Semipalatinsk test site.

In a previous study, Dermengian et al. (1985) demonstrated that

, there are oronounced variations in m0 residuals as a function of explosion

location within the Shagan River test site and suggested that these varia-

' tions may be related to lateral variations in the subsurface geologic

structure beneath the test site. This inference was based on analyses of

large samples of teleseismic P wave amplitude and arrival time data re-

corded from explosions at this test site and on detailed comparissns of

m residual data at common stations from selected pairs of explosions.

Thus, tne results of that preliminary study indicated that the teleseismic

data may indeed be useful for identifying geophysically distinct testing

areas within the Shagan River test site. In Barker and Murnhy (1986),

this investigation was extended to include an ar alysis of possible effects

of tectonic release on the observed short-Deriod P waves. The results of

% 1
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tnat stucv indicated that, although the available evidence was not suff;i-

cient to rule out the possibility that tectonic release might be introduc-

inq systematic positive bias into the network-averaged m bvalues assigned

'cb

to some Shagan River explosions, it was possible to conclude that the ob-

served short-period teleseismic P wave amplitudes did not show any statis-

tically significant azimuthal variations which could be correlated with a

tectonic radiation pattern. That is, the systematic variations of single

station mb residuals with explosion location at Shagan River documented

by Demengian et a' . (1985) do not correlate with the levels of tectonic

release inferred from the long-period surface wave data. Thus, tne analy-

ses conducted to date support the hypothesis that there are near-source,

non-axisy metric geologic structures beneath the Shagan River test area

wnich Sroduce differences in the coupling of seismic energy into the vai-

ous teleseismic P wave propagation paths.

This report describes the results of a follow-on study conducted

wi the objectives of improving the resolution of the sources of observed

* sinwave variability at Shagan River and of correlating these inferred

sources with available independent geological and geophysical information

about the test site. The report consists of four sections including these

rltrductory remarks. in Section i we describe and analyz2 the P wave

amplitude data collected for this project and use the results ol this

analsis to define regions of apparent subsurface structural variation at

Shac.an R iver. We then attempt to interpret these results in term's of

secific subsurface structural features beneath the tLest site, in Section

us we describe a preliminary analysis of wavefor data from a subset of
- the explosions aimed at defining the near-source structural contributions

t: the waveform time- and frequency-domain characteristics. In Section

IV we summarize our main results and present our conclusions regarding

the nature of teleseismic P wave and P coda variations from Shaclan River

explosions.
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II. mb DATA ANALYSIS

2.1 REVIEW OF PREVIOUS WORK

The explosion sample analyzed in this report is the same as
that described and analyzed in Dermengian et al. (1985). That is, it

consists of 52 Shagan River explosions occurring in the time interval

1964 to 1982 which have been assigned mb values of greater than 5.5 by

the ISC. Epicenter locations for these events, as determined by a Joint

Epicenter Determination (JED) method (Marshall et al., 1984), are dis-

played graphically in Figure 1, where it can be seen that they are fairly

evenly distributed across the Shagan River testing area. The event num-

bers shown in Figure 1 refer to Table 1 of this report where detailed

origin information for the events can be found.

In Dermengian et al. (1985), a least squares analysis was per-

formed on a large number of single station mb readings for these explo-

sions, resulting in network-averaged mb values for the events and average

station corrections for a set of 59 worldwide stations used in the analy-

sis. The "station corrections" determined by this method actually repre-

sent the composite of effects at the source, along the propagation path

and at the receiver which cause the mb values at a particular station to

_e consistently different from the corresponding large network average

m b values. Thus, for explosions at a particular test site such as Shagan

River, variations of the "station corrections" with source location within

the zest site would be more closely associated with propagation effects

near the source than with variations in the crustal structure beneath the

receivers. Using these station corrections and the network-averaged mbvalues, network-averaged m mb
values, station-corrected mb residuals (i.e., corrected single station

mb - event rr) were then computed for all event-station pairs and analyzedb*b)
as a function of station and source location. Dermengian et al. (1985)

demonstrated that explosions located in the central and northeast sections

of the Shacan River test area show pronounced mb residual patterns as a

function of source-to-station azimuth which vary greatly from explcsion

to explosion, while patterns from events in the southwest are much more

regular. Furthermore, these variations in azimuthal mb patterns appear

to be related to event location rather than tectonic release effects and,

p. 3
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TaDle 1

SOURCE PARAM.'ETERS FOR SHAGAN RIVER EXPLOSIO; S

Even: Da~e Oricin Time La t Long.(E) M

01 01/15/65 05:59:58.4 49.940 79.010 5.94

11/30/69 03:32:57.1 49.913 78.961 5.99
03 11/02/72 01:26:57.6 49.923 78.815 6.25

".- 0 12/10/72 04:27:07.3 50.001 78.973 5.93
05 07/23/73 01:22:57.6 49.962 78.812 6.34

06 12/14/73 07:46:57.1 50.044 78.987 5.83

07 05/31/74 03:26:57.5 49.950 78.852 5.86

08 10/16/74 06:32:57.6 49.979 78.898 5.49

09 12/27/74 05:46:56.9 49.943 79.011 5.57

10 04/27/75 05:36:57.2 49.949 78.926 5.59

11 10/29/75 04:46:57.3 49.946 78.878 5.65

12 12/25/75 05:16:57.2 50.044 78.814 5.67

13 07/04/76 02:56:57.5 49.909 78.911 5.85

14 08/28/76 02:56:57.5 49.969 78.930 5.92
15 11/23/76 05:02:57.3 50.008 78.963 5.95

16 12/07/76 04:56:57.4 49.922 78.846 5.92

17 05/29/77 02:56:57.6 49.937 78.770 5.72

., 18 09/05/77 03:02:57.3 50.035 78.921 5.83

19 10/29/77 03:07:02.5 50.069 78.975 5.54

20 11/30/77 04:06:57.4 49.953 78.835 5.91
,, 21 06/11/78 02:56:57.6 49.898 78.797 5.82

22 07/05/7S 02:46:57.5 49.,7 7.8,1 .82
,,-23 08/29/78 02:37:062 50.000 78978 5.94

24 09/15/78 02:36:57.4 49.916 78.879 5.99

'o21 

08/ 29/78 02:36:7 
062 

0.00 78.978 
5.94

0 25 11/04-/78 05:05:57.3 50.03a 78.943 5.57

26 11/29/78 04:33:02.5 49.949 78.798 5.99

27 06/23/79 02:56:57.5 49.903 78.855 6.18

28 07/07/79 03:46:57.3 50.026 78.991 5.82

5.%,-.
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aole 1 (Con:inued)

l SOuRCE PARAE.IETRS FOR SHAGAN RIVED EXPLOS!ONS

.ate Origin Time Lat.(N) Long.(E) m "I

2? 08/0-/79 03:56:57.1 49.894 78.904 6.16

. 20 08/18/79 02:51:57.1 49.943 78.938 E.19

3/ 1/28/79 03:16:56.9 49.973 78.997 5Q7

12/02/79 04:36:57.4 49/9 78.786 6.00

23 12/23/79 04:56:57.4 49.916 78.755 6.16

34 -4/25/8C 03:56:57.5 49.973 78.755 5.45

25 06/12/80 03:26:57.6 49.980 79.001

36 06/29/80 02.32:57.7 49.939 78.815 5.70

l 37 09/14/80 02:42:39.1 49.921 78.802 6.22

38 10/12/80 03:34:14.1 49.961 79.028 5.8

39 12/14/80 03:47:06.4 49.899 78.938 5.97

40 12/27/80 04:09:08.1 50.057 78.981 5 .87

41 03/29/81 04:03:50.0 50.007 78.982 5.57

42 04/22/81 01:17:11.3 49.885 78.810 5.92

43 05/27/81 03:58:12.3 49.985 78.980 6.30

09/13/81 02:17:18.2 49.912 78.915 6.09

05 /18/81 03:57:02.6 49.923 78.859 6.03

11 /29/81 03:35:08.6 49.887 78.860 5 51

47 12/27/81 03:43:14.1 49.923 78.795 6.28

4 04/25/82 03:23:05.4 49.903 78.913 6.11

-9 07/04/82 01:17:14.2 49.960 78.807 6.22

I50 08/3l/B2 0 1:31:00.7 9.92' 78.761 5.3

51 12/05/82 03:37:12.5 49.919 78.813 6.18

12/26/82 03:35:14.2 50.071 78.988 5.72

Origin times and locations are from Marshall, Bache and Lilwall (1984).

e,' mb values are from Dermengian, Murphy and Barker (1985).

K 6
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-nus, support the hypotnesis that they are associated with variations in

the near-source P wave propagation paths to teleseismic distances 'Barker

and Murphy, 1986). As reported by Dermengian et al. (1985), attempts to

determine the magnitude of the variation in selected azimuth windows were

inconclusive due to the possibility of network magnitude bias caused by

azimuthal clustering of stations for most of the explosions. Thus, while

the differences between the mb patterns for pairs of events could be well

constrained, the absolute value of the residual change in any one azimuth

was indeterminate.

2.2 ESTIMATION OF UNBIASED NETWORK-AVERAGED mb VALUES

In order to develop a method of obtaining unbiased estimates

for the event magnitudes from which accurate single station mb residuals

can be computed, we have examined the correlation structure of the set of

station-corrected mb residuals calculated in Dermengian et al. (1985).

These prior results were based on network mb averages computed from sta-

tions which were geographically clustered and correlated to some degree,

resulting in the possibility of biased network mb values. In order to

first determine the degree to which the single station mb residuals were

correlated, station-station mb residual correlations were computed for

all station pairs in the dataset. To first order, station-station cor-

relation is a complicated function of the separation between stations on

the focal sphere, with the smoothness of the function varying depending

on the geographical location of the stations. An example of the effect

of geographical proximity on the correlations between station residuals

can be seen in Figure 2, which shows the population of station-station

* correlation coefficients for a group of 18 stations located in France.

For this group of stations, which have a mean separation of a few hundred

kilometers, the station-station correlations are largely positive. It

follows from this figure that if station-corrected m values at a station
b a

* .in France are biased high or low relative to a worldwide network average

then, to a certain degree the other stations in France will be biased in

the same manner. Alternately, using single station mb values recorded

by this group of stations in the determination of a network mb can re-

* sult in biased network mb values if simple averaging is used.

7
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In order to account for this potential biasing effect of

station-station correlation we developed an ad hoc scheme whereby sta-

tions which were highly correlated would be given appropriately less

weight in the averaging process. By using the station-station correla-

tions as a clustering variable, the majority of the stations in our data-

set can be placed in one of three groups such that the within-group

station-station correlations are predominantly positive. These three

groups are (1) stations in North America, (2) stations in continental

Europe less than 45 degrees distance from Shaqan River, and (3) stations

in France. When station-station correlations for station pairs within

each of the three groups are examined in more detail on an individual

basis there are certain sub-groups of stations which appear to account

for most of the large-positive correlations observed, these correlations

*O being generally greater than 0.5. Other stations in the groups contri-

bute most to the correlations which are positive but not as large as 0.5.

To account for this, stations were re-grouped into smaller groups such

that station-station correlations for pairs of stations in the same group

were predominantly large and positive. The remaining stations were con-

sidered as independent. Then, for each event in our dataset, a revised

mb was computed by averaging within each group and then computing a final

average of the group values with the values reported by the independent

stations.

Figure 3 snows how the revised event magnitudes compare with

the original values computed by the least squares analysis of Dermengian

et al. (1985) as a function of event location. It can be seen in this
4. figure that for the majority of the events the adjustments caused by the

new averaging procedures are quite small, with around bO percent of them

being less than or equal to 0.08 magnitude units in absolute value.

There are a few events, however, where the adjustments are more substan-

tial, and these seem to be concentrated in the central and northeast por-
tions of the test site where the most pronounced residual variation with

azimuth is observed. Thus, it appears that the process of grouping sta-
tions based on their inter-station correlations has resulted in rela-

~ 'ively minor adjustments to the majority of the network mb values
db
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previously calculated using a least squares technique, par:icularl,', -c0

events in the southwest portion of the test site. For a few of tne

events, notably some of the central and northeastern events, the adjust-

ments are more substantial. We will now investigate the effect that

application of these adjustments has on some of the more important re-

sults obtained by Dermengian et al. (1985).

2.3 mb RESIDUAL ANALYSIS

Using the revised network mb values obtained above, we have

re-computed single station mb residuals for all station-event pairs in

the dataset. As in the original study of Dermengian et al. (1985), these

revised data provide evidence of some unaccounted for source region physi-

cal mechanisms which are affecting the radiation of P wave energy to tele-

seismic distances. This is illustrated in Figure 4, which shows the

station-corrected mb residuals as a function of event location for sta-

tion ALE in Canada and station HFS in Sweden. Note that the residuals,

which can be regarded as variations in the "station corrections" with

source location, show pronounced trends in that residuals of the same

size and sign tend to cluster into geographical groups. Now in Dermen-

aian et al. (1985), an attempt was made to group stations which appeared

to be highly correlated and average their residual patterns as a function

of source location, with the aim of contouring the mean mb residuals

across the te:t site. In that report, the station grouping was based on

visual comparisons of plots of station data. Using more precise informa-

tion obtained from our correlation analysis, we have re-grouped the sta-

tions and performed a similar analysis. Eleven stations in North America

naving generally positive station-station correlation were selected as

the first group. For each event in the dataset, the mb residuals at

those stations in the group which recorded the event were averaged. The

residuals as a function of event location computed using these 11 sta-

tions in North America is shown in Figure 5. In this, and subsequent

plots of the same kind, rough contour lines have been drawn to highlight

the general trends. As Dermengian et al. (1985) showed for a smaller
I
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,roup of stations in the same area, the average station-corrected

residuals for events in the northeast and central portions of ne -es-

site are relatively large and vary by a few tenths magnitude units over

this area. Specifically, North American stations see events in the

northeast portion of the test site as being larger than the worldwide

average and events in the central portion as being smaller than the

worldwide average. A similar plot for a group of 17 French stations

wnich were determined to be highly correlated is shown in Figure 6. The

variation in the average station-corrected mb residuals as a function of

event location for these stations is also fairly regular and even larger,

although opposite in sign, than that shown for the stations in North

America, As mentioned earlier in this section, a third group of stations

whicn were found to have generally positive station-station correlations

consists of stations in continental Europe at epicentral distances of

* less than 45 degrees from the Shagan River test area. A similar plot

for this group of stations is shown in Figure 7. In this figure, it can

be seen that the sign of the variation in the northeast and central areas

of the test site is the same as for the French stations, although the

magnitude of the variation for this group of stations is less than both

.- the French stations and the North American stations. Thus, these figures
present further evidence that the variations in mb residuals for Ltations

in a given azimuth and distance range are systematic enough that they -an

be contoured as a function of source location. This result supports the

hypothesis that the observed differences are associated with changes in

the near-source P wave propagation paths to teleseismic distances as a

furction of source location within the test site. Moreover, the extent

0 of the variation appears to vary with the geographic location of the

stations, with stations in France showing the largest amount of vEriation

over the smallest source region area.

A better way of illustrating these variations in mb residual

patterns is by comparing corrected mb residuals for different pairs of

events at common sets of stations. Figures 8 and 9 show four such com-

parisons for pairs of events located in the central/no-theast region of

the test site, the area which shows the largest variation with source

location at the stations in France. In each of these figures the sta-

tions are grouped by geograohic location in order to highlight the differ-

14
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ences between the station groups that was seen in Figures 5 :_nroug, 7.

As Figure 8 shows, the residuals seen by the French stations for event

-15 differ greatly from those seen by tne same stations for events =25

and =28, which are located only a few kilometers away. These differences

can amount to over 0.8 magnitude units in some cases. Stations in Europe

less than 45 degrees distance from the test area also see differences be-

tween the pairs of events, although these differences are not nearly as

large as those seen by the French stations. Stations in North merica,

along with most of the other remaining stations, see generally random

residual differences for these event pairs. A somewhat different picture

emerges in Figure 9, however. Here we show residual comparisons between

event :14, located a little nearer to the center of the test site, and

the same two events :25 and !28. In this case, the differences seen by

the French and other European stations are much the same as was shown in

• Figure 8. The North American stations, however, now see smaller residuals

%- for event =14 than they see for events 25 and 28. The other remaining

stations, once again, see a more random pattern of differences. These

variations are quite consistent with the general trends shown in the con-

tour plots of Figures 5 through 7, confirming the fact that large varia-
tions in corrected mb residuals do oc-ur between events in close proximity

in the northeast and central portions of the Shaqan River test site.
-" Moreover, these variations not only appear to have a dependence on sta-

tion azimuth, as evidenced by the differences between the F-ench and

'ortn krerican stations, but they also appear to have a dependence on

take-off angle. Evidence of this is given by the differences seen between

the French stations and the other European stations which lie along essen-

• tially tne same azimuths but have different take-off angles from the test

This variation in the mb residuals as a function of take-of:

angle to the French and European stations is illustrated more clearly ir

40 Ficure 10 which shows the focal sphere projections of the residuals ob-

served at these stations for the four closely-spaced events :15, :25,
:28 and :41 (cf. Figure 1). It can be seen that for events :15 and :41,

_ b residuals at stations in France (take-off angles less than '.e

• 0 indicated by the dashed lines) have large positive residuals wnile

19
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those for tne other stations in Europe (take-off angles greater tnan 2Ec

average close to zero. For events =25 and =28, on the otner hand, :he

French stations show large negative residuals, wnile the nearer European

stations again show small residuals which average close to zero. Thus,

the principal variations in mb as a functior, of source location are occur-

ring at the French stations, which suggests that the P waves leaving the

source region through the corresponding portion of the focal sphere are

encountering some anomaly in the subsurface structure beneath the Shagan

River test site.

2.4 PRELIMINARY EVALUATION OF THE SOURCE OF THE mb ANOMALY

In order to gain some insight into the cause of the observed

mb anomalies at the French stations, a first order ray trace analysis

4 has been conducted in which the mb residuals for the four events of Fic-

ure 10 have been projected onto planar surfaces at different depths using

the known azimuths and ray parameters to the European stations of inter-

est. Figure 11 shows the approximate surface projections of the illumi-

hated areas as a function of depth with respect to the location of the

Shagan River test area. Figures 12 through 14 show the projections of

the mb rcsiduals for the four events on six depth slices spaced 25 km

azart, between 25 and 150 km depth. it can be seen that at shallow depths
Icf. Figure 12), the large negative and positive residuals (laroe circles

and x's, respectively) are strung out in a linear fashion and heavil,

intermingled with normal values with residuals close to zero. Clearly

such a pattern is not consistent with a confined, geometrically regular

6 source of the m anomaly. Howeve-, at the intermediate depths (cf. Fig-~b-
ure :) the large negative and positive residuals begin to cluster into

A. groups, until at around 100 km almost all the large negative residuals

A nave coalesced into the northeast quadrant of the projected plane. At

still deeper depths "cf. Fioure 14), the large positive and negative

residuals begin to intermingle again, suggesting that the P waves to

these stations are encountering an anomalous volume of material at

depths between acout 75 and 125 km.
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In orer to examine te ueometrv o, tne anomalous vo uT: e ir

more detail, mb residuals at these same stations from five adcitional

events in the same general area of the test site were added to the analy-

sis. The locations of all nine events are snown in Fiqure 15. Ficures

16 through 18 show the projections of the mb residuals for the nine events

on the same six depth slices shown in Figures 12 through 14. These ad-

ditional data show very much the same patterns as the original four events

and provide somewhat better spatial resolution. Once again the large

negative residuals appear to coalesce into a homogeneous group in the

northeast quadrant at a depth of about 100 km. The nine event residual

pattern at a depth of 100 km is reproduced in Figure 19, where rough

boundaries have been sketched in to encompass areas of predominantly

.arie negative (solid line) and positive (dashed line) residuals. It

[ can De seen that tnis rough partition captures almost all the large nega-

tive residuals in a homogeneous group containing no positive residuals

and only two near-zero residuals. Similarly, the dashed line encloses

most of tne large positive residuals with no negative residuals and a

relatively small percentage of normal (i.e. near-zero) values.

The extent to which the partitioning of Figure 19 separates

_ye four event residuals is shown in the left panel of Figure 20. it

ts tnese data well, particularly the rather sharp western boundary

,nic , defines the extent of the large negative residuals as suggested by

:te data from t four events alone. The right hand panel of -is ficure

snows t-he residuals for the nine events at tne same 100 kim deoth for four
:rench stations selected to illustrate the consistent changes in the .

"b

[ resicuals witn source location from normal to large positive to large

necat-ive as -he station projections irate from south to north acrcs

this section.

FiQure 21 shows the nine event mb residuals at 100 km depth

O from Figure 19, split into two Qroups of stations. The left panel shows

the nine event residuals for the 15 stations which contribute large nega-

tive residuals to the northeast cluster of data. The panel on the right

shows the nine event residuals for the remaining nine statiors. It can

be seen from the left panel that the residual data from the 15 stations

2r,
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present a very consistent picture, with almost a complete separation of

regions of low, normal and high residuals. In particular, the southern

boundary of the large positive residual region seems to be well con-

strained by these data. The data from the remaining nine stations shown

on the right hand panel project mainly outside the partitioned areas and

represent a mix of mostly small positive and negative residuals. In

fact, approximately 50. percent of these residuals are not significantly

different from zero (i.e. solid triangles) indicating that the data from

these stations are predominantly normal and, thus, presumably the P wave

paths have not traversed the anomalous volume. These data serve to pro-

vide a rather tight constraint on the western boundary of the anomalous

area.

Thus, our preliminary explanation for these observations is

that the P wave paths to the stations characterized by large positive

and negative mb residuals have traversed an anomalous volume of material

at a depth of about 100 km beneath the surface at a location northwest

of the Shagan River test site (cf. Figure 11). The apparent dimension

of the anomaly is on the order of 5 km and results in a defocusing of

P wave energy out of the northern paths to the French stations (solid

outline on Figure 21) and into the southern paths to the French stations

(dashed outline). Presumably the anomalous volume corresponds to some

sharp lateral variation in physical properties, in particular P wave

velocity, at this 100 km depth. Available geologic maps indicate no

surface expression of this anomaly, which is not surprising given its

relatively great depth. The anomaly produces about 0.4 unit variation

in the mb residuals for these events. Cormier (1987) estimates that a

6-8 percent variation in velocity can cause amplitude variations of this

order, although this must be considered a very rough estimate in that

calculations in Cormier (1987) are not applicable to the scale size (i.e.

wavelength/length) represented by our data.

It is important to note that mb residual variations comparable

to those documented above are also observed along other azimuths from

the Shagan River testing area. For example, Figure 22 shows the station-

corrected mb residuals as a function of event location for the WWSSN

A 34
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sta:ions BJL in Africa and P2M, in iew Guinea. It can De seen tna: :nese

residuals also show pronounced trends, with residuals of the same sign

tending to cluster into geographical groups. In the absence of denser

coveraqe of the focal sphere in these azimuths, it is not possible to per-

for-, the kinds of detailed analyses that were previously performed using

the mb values observed at the European stations. However, these data

suc est that the same mb residual variations used to localize the anoma-

lous structure along propagation paths from the Shaqan River test area

to Europe appear to occur along other propagation paths as well. Pre-

sumanly, if adequate samples of single-station mb data were available,

tne extent of other anomalous structures in the upper mantle/crustal re-

"ions surrounding Shagan could be determined in a similar manner.

0
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I1. ANALYS:S OF WAVEFORM DATA

3.1 ITRODUCTION

The analyses summarized in the preceding section confirmed the

fact that the teleseismic mb data provide strong evidence of systematic

geophysical variations within the Shagan River testing area of the U.S.S.R.

They were also used to illustrate how, in some cases, these data can be used

to qualitatively map the subsurface structures responsible for this varia-

bility. In this section we explore other characteristics of the tele-

seismic data to determine whether they correlate with the observed mb

variations in a manner which provides additional insight into the nature

of the near-source structural effects. In particular, we will attempt to

determine whether single-station mb residuals are correlated with varia-

tions in the spectral content or complexity of the waveforms from which

the mb values were measured. Changes in complexity could conceivably re-

sult from preferential focusing or defocusing of the direct P waves rela-

tive to P coda while changes in spectral content might result from pref-

erential focusing/defocusing in certain narrow frequency bands. We will

also investicate whether there is any evidence of travel time variations
accompanying variations in mb using the database compiled for this sec-

tion. Since our prior results indicated that events in the central and

A northeastern sections of the test site show the most pronounced m b varia-

oility with source location, the analyses will focus on a subset of events

from those areas. The data analyzed consists of short-period P wave and

P-coda recordings from the nine GDSN stations shown in Figure 23. These

particular stations were selected or the basis of availability of digital

.aveform data with good signal-to-noise characteristics for a large pro-

Portion of the events of interest. Of the nine stations, GRFO and TOL

lie near to the European stations used in Section II to locate the struc-

tural anomaly to the northwest of the test site. , potential wave-

form variations at these stations are of special interest. The other

seven stations are scattered throughout the remaining areas of the focal

sphere, providing representative coverage for events located in tne

Shagan River test area.
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Since we are interested in waveform characteristics wnich mi:

correlate with variations in single-station mb residuals, single-staticn

mb values were first measured in the conventional manner from the maximum

P wave amplitude of each waveform in the database. Next, sin2,e-station

mb residuals were computed for each station by subtracting the network mb

values for each event, and the resulting residuals were zero-meaned at

.. each station by removing the average residual for all events measured at

that station. As before, in the absence of any underlying deterministic

mechanisms, it would be expected that the residuals for a given station

would be randomly distributed with respect to event location. For some

of these GDSN stations, however, this is not found to be the case. For

example, Figures 24 and 25 s. ow the station-corrected mb residuals as a

function of event location at stations TOL, GRFO, CHTO and BCAO (the re-

maining station plots can be found in Appendix A). As was observed for

the stations analyzed in Section II, the residuals for some of these sta-

tions show trends such that residuals of the same sign tend to cluster

into geographical groups, although the range of variations is generally

smaller than those shown for the European stations in Section II. Perhaps

the clearest and largest patterns of mb variation associated with source

location for these stations is at station TOL in Spain, which lies close

-o :he stations in France which showed similarly large variations in the

0revious section. Moreover, comparison with Figure 6 indicates that the

a-:ern of variation at station TOL is quite consistent with that observed

previously at the French stations. On the other hand, station GRFO

"igure 24) in Germany shows a mixed pattern of variation, similar to

those observed previously for the ISC stations in Germany. Thus, the

a ta from these two stations are consistent with those observed from the

nearby ISC stations used to idEntify the subsurface structural anomaly

in Section II and, consequently, should provide a basis for more sophis-
.. ticated signal analysis.

Regardless of the cause of the changes in mb residuals with

event location, one might expect a visual comparison of the signals re-

corded at a particular station to give some indication of anomalous be-

havior in cases where the mb residuals vary by up to a few tenths of a
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maorijdc uit. Cnseouen:V.', tne recorcec wavefom-,s a: stationc L

IRC HTO and BCAO are displayed in Figures 26 tnrougn 29, arrangec in
order of increasing m b rsidual for eacn station. ticla ro es

figures tnat a simple visual comparison of the P wave recordings gives no

indication of any large, systematic differences wnicl mignt be correlated

with the m b variation. Some signals do appear to nave certain character-

istics that make them appear different from others at the same station

'e.g. event =28 at station GRFO), but there is no evidence of any con-

sistent chanqes occurring as the mb residuals go from negative to posi-

tive at any of the stations. In fact, it is quite surprising how similar

tne wavefor-ns are at some stations (e.g. CHTO) in view of the variations

in explosion size, source depth, and location. The waveforms recorded at

tne other five selected GCDSN stations are reproduced in Appendix B where

it ca- be seen that similar comments apply reiarding the overall lack of

correlation between general waveform characteristics and event mb resid-

ual. Thus, a simple visual inspection of the signals for this group of
% ~stati ons reveals no easily identifiable feat-c-I-s which might be asso-

ciated with anomalous m b .behavior.

COPLEXTry PESULTS

in order to better quantify any subtle changes in complexity

vnicn igtec taking place, we have computed t-he temporal centroid of

ea7cn tie history over a 23-second P wave and --coda window, defined as

'Lav and Welc, lD87)

'a N z(2.
% 42
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Ths, latter values of tie tenvora' ce-roio incica-e reia-ive., lar-e-

P-cod!a a.Dlituoe/ ampliuce .e _-rea-er complexity) and vice versa.

A station-by-station comparison of the -iporal centroids vs. tne mbb

residuals reveals two Qeneral categories of stations. Te first group

consists of those stations with larme scatter and itn no indication of

a trend in centroid values as the mb residuals change from negative to

.ositive. The other group of stations consists of those also having

larm:e scatter but with some hint of a :rend toward decreasing centroid

va.ue i.e. decreasing complexity,) as the mb residuals increase. The

reslts f"or this latter group, wnicn incluoes stations TOL and .RFO, are

snown in Ficure 30. It can be seen here that for trese six stations

"there appears to be a slight correlation between cecreasinc corn.olexitv

and increasing mb residual, with some stations showinc this pattern more

* clearly than others. As an illustration of tnis correlation, Ficure 3'

snows a comparison of waveforms at station T0L from event -2 wrico ras

a residual of -.11 magnitude units and a relatively larme centroid value

marKed as on the plot), and event :23 wnicrn nas in m. resicual of

-.20 and a slightly smaller centroid va'lue. Tois ficure snows tnat wnile

there do appear to be quantifiable differences in complexity Detween

events with larme and small mb residuals at a gien station, these varia-

-i:ions are not easily resolved by the naked eve. Fi-ure 32 shows some

other waveform comparisons for station E-AC. .tnis case the di".erences

":etween the events with larme and small centroid values, while subt>,

are visually more noticeable. Finally, Ficu. 2 shows a similar compari-

son tetween events =3 and =3 at sta:in ;- , wnere toe changes in com-

* plexity are more obvious. Thus, at some stations tnere a-aear to be

"uantifiabie differences in comolexitv -tween everts s.....n. az

residual differences. For most stations, however, these chances are
eitner not present or are too small to oe detec-ed usinc this Drocessinc

* technioue.

3.3 SPECTRAL RESULTS

In an attempt to quantify any 7-oectral, -ariat-ons .ic mi: t

be associated with variations in m. residuals all the, wavefor-s were

i,
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bandpass filtered into six separate frequency bands with center frequen-

cies ranging from 0.6 Hz to 3.8 Hz. After testing for adequate signal-

to-noise characteristics, spectral ratios were computed for each waveform

by dividing the filtered trace maximum amplitudes from each of the four

high-frequency bands by those for the two low-frequency bands. Thus,

changes in the spectral ratios at a given station provide a measure of

the variation in spectral shape from event-to-event. At each station,

the individual spectral ratios were then examinec for any correlation

with the mb residuals as measured from the same waveforms. As with the

complexity measurement, a number of stations showed no correlation between

any of the spectral ratios and the mb residuals. For these stations, the

near-source effect which is causing mb residuals to vary by up to a few

- tenths of a magnitude unit is apparently a broadband effect. Some sta-

-. tions, however, did show trends when particular spectral ratios were cor-

related with the mb residuals. This is illustrated more clearly in Fig-

ure 34, which shows how spectral ratio variations correlate with mb re-
sidual variations at stations TOL, ANTO, BCAO and CHIC. For these sta-

tions the variations in spectral content are such that a positive m b

residual is associated with enhanced high-frequency energy, or vice versa.

. ,Now, a confounding factor in these spectral comparisons is the fact that

the event macnitudes vary. In order to minimize spectral variations

which mioht be due to changes in the event magnitudes, direct comparisons

were also made between bandpass output amplitudes for groups of events of

approximately the same network magnitude. Figure 35 shows a comparison

of bandpass spectra for two pairs of events having spectral variations
which correlate with mb residual variation as recorded by station TOL.

7.n this and subsequent figures of the same type, the spectra have been

normalized to a constant value at 1 Hz. It can be seen that for these

pairs of events of comparable magnitudes the en'ancement of enercy at

frequencies above 1 Hz relative to energy at or below 1 Hz is associated
'C with a positive shift in the mb residuals. Similar event comparisons

'. are shown for stations ANTO, BCAO and CHTO in Figure 36, Once again,

the enhancement of energy above 1 Hz relative to energy at or below 1 Hz

" is associated witn positive mb residuals. An interpretation of these

iI
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Fi u re 35. Spectral comparisons of selected Shagan River explosions at
station 70L.
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Figure 36. Spectral comparisons of selected Shacan River explosions at

stations ANTO, BCAO and CHTO.
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results is that high-frequency energy is being preferentially focusec,

cefocused at or near the source. This is supported by tne fact -hat tne

network magnitudes for the events that are being compared are similar and

the travel paths from the events to any single station are essentially

identical except for tne portion nearest the source. One station which

shows a slight correlation of the opposite sense from the above, that is,

positive mb residuals associated with depleted high frequency energy, is

station SRFO in Germany. While not very pronounced, this correlation is

noteworthy in that it is the only one of it's kind among tnis group of

stations. This effect is illustrated in FiQure 37 which shows a compari-

son of filtered time series for events with large Dositive and negative

residuals at station GRFO. In this figure the trace amplitudes of the

two higher frequency traces are scaled to the amplitude of the low fre-

,uencv trace for each event separately, and it can be seen that event

2.8, with a positive mb residual, has relatively less nih frequency

energv than event -41 with a negative residual.

in summary, about half of tne stations analyzed show no dis-

tinguishinc variations in P wave sectral cnaracteristics vic. can be

associated with mb residual variations. However, some stations, includ-

station TOL it; Spain, show some correlation between enhanced hiqn-

rec uency energy and positive mb residuals. Tnis result suggests that

aditional digital waveform data from station T0L, or more specifically

iro statons in France, if -nev were available, might be useful in pro-

vidinc additional constraints on tne cnaracteristics of thE structural

anomaly found in Section II. That is, such data could be used to provide
r:eouenc/ deoendent constraints on tne soohisticated three-dimensional

seismic :ode n wricr, will be reauired to uniquely invert for the char-

acteristics of the subsurface structure producing the observed m anom-

a 7 i1es.

-.4 TRAVEL TIYE RESULTS

In Dermengian et al. (l3', it was concluded trat t,e arrival

lot time data reported to the ISC are not precise enougn to resolve the

rather small travel-time variations which mi ht De eyPected 'c omca
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. , .%P %-.e r. . 1.



a. % 
-

* aC)

0

- 04

%*,

% 
w

* '0 -57

P ow
N %0 % % %

* 0 0 -



the ooserved mb variations. However, the GDSN recordincs provide a more

precise data base for testing for correlations between mb and arriva

time variations. Five stations were selected based on the results of

Sections 3.2 and 3.3 (stations TOL, ANTO, BCAO, CHTO and GRFO) and arri-

val times were carefully measured to a precision of better than 0.1 sec-

onds on all waveforms recorded at those stations from the events of in-

terest. Travel time residuals were then computed by subtracting the

travel times predicted by the Herrin P wave travel-time curves (Herrin

et al., 1968) from the observed travel times. Then, by analogy with the

, mb analysis described above, the mean travel-time resioual was determined

for each station, and subtracted from the individual observed residuals

at that station to obtain the variation of the residuals as a function of

source location. Upon inspection, these travel-time residuals were found

to be ouite small and to show no obvious correlation with event location
at any of the stations. In an attempt to quantitatively determine whether

the variation in the travel-time residuals was correlated in any way with

the variation in the mb residuals, the correlation coefficients between

the two se:_ of residuals were estimated at each of the five stations.

Of the five stations, two (BCAO and CHTO) showed nearly zero correlation

.e:ween -e -wo variables, while the other three (-, "17', RFO) showed

some 'ositive correlation of late arrivals with positive mb residuals.

Ficure 36 snows tne relationship between the travel-time residuals and

'- 7, resizuais at these three stations. It can te seen in tnis fi ure

,that tre range in travel-time residuals is very small and the scatter

large, out that tnere is some trend of late arrivals correlatino with

.ositive M residuals, particularly at station ANTO. The direction of

this trend favors a focusing type mechanism as the cause of the mb varia-

tions as opposed tc an absorption or attenuation type mezhanism which

."^ would -enerallv cause late arrivals to be associated with negative mb
,b

residuals. Clearly, it would be of interest to pursue such investiga-

tions further using more precise arrival time data from the French sta-

tions used to define the subsurface structural anomaly in Section II.

Unfortunately, such data are not currently available.
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IV. SUM!.IARY AND CONCLUSIONS

4.1 SUMMARY

The investigations summarized in this report have centered on

an analysis of variations in P wave propagation characteristics along

teleseismic paths from underground explosions conducted at the Shagan

River test site. One of the key assumptions involved in the estimation

of explosion yield from teleseismic P wave data is that variations due to

propagation path effects can be averaged out if a suitably large, well-

distributed network of observation stations is used. That is, it is

assumed that, aside from possible source region effects which would be

common to all teleseismic P-wave observations (e.g. those due to upper

imantle Q variations beneath the test site) large network estimates of mb
.are unbiased. Experience has confirmed that this assumption is generally

valid, at least in a gross statistical sense. However, if one examines

the data in an. detail, it soon becomes evident that there is much about

imb variability which is still poorly understood. The primary objective

l the present study has been to attempt to develop a better quantitative

understanding of some of the sources of such mb variability observed for

explosions at the Shagan River test site.

The preliminary investigations of Dermengian et al. (1985) were

reviewed in Section !I, with particular emphasis on the nature of the

--served m b anomalies wnicn were used to infer the existence of svstema-

tic geopnysical variations within the Shagan River test area. The prob-

lem of network bias in the determination of average event mb values was

also addressed in this section, where the results of a correlation analy-

sis performed on a large sample of single station mb readings were used

to obtain unbiased estimates of the mb values associated with the explo-

sions at this test site. These revised network-averaged mb values were

then used as references to quantitatively define tne ranges in distance

and azimuth over which the single station mb anomalies persist. Once

this was accomplished, a first order ray trace analysis was conducted in

S S which the - residuals observed from a group of stations in Europe were

projected onto planar surfaces at different depths using the known
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azimuths-and ray pirameters for those stations. The results of this

analysis indicated that the teleseismic P wave paths to stations in France

from explosions located in a particular area in the northeast portion of

the test site traversed an anomalous volume of material at a depth of

about 100 km beneath the surface at a location northwest of the Shagan

River test site. The apparent dimension of the anomaly is inferred to be

on the order of 5 km and results in a defocusing of P wave energy out of

the northern paths to the French stations and into the southern paths to

the French stations. Presumably, the anomalous volume corresponds to

some sharp lateral variation in physical properties, in particular P wave

velocity, at this 100 km depth. A preliminary review of available geo-

logic data revealed no surface expression of this anomaly at depth.

In Section III, a preliminary analysis of waveform data from a

subset of the explosions was conducted in an attempt to define any near

source structural contributions to the waveform time- and frequency-

domain characteristics. That is, a database of teleseiSmic P wave re-

cordings from a group of well-distributed stations was carefully analyzed

in an attempt to identify any correlations between waveform characteris-

tics and mb residuals as determined from the same waveforms. A simple

visual inspection of the signals revealed no obvious characteristics

which could be associated with mb residual variations of up to a few

tenths magnitude unit. Further quantitative studies, however, showed

that, in some cases, a correlation could be found between certain spec-

tral and coda charaicteristics and mb residuals. In particular, enhanced

high-frequency energy appears to be associated with positive mb residuals

and relatively large complexity values appear to be associated with nega-

tive mb residuals. Furthermore, in some cases an association can be

found between delayed arrival times and positive mb residuals. While

these waveform analysis results are preliminary, they do suggest that

the same near source phenomena responsible for the large variations ob-

served in mb residual behavior may also be influencing other measurable

waveform parameters.
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4.2 CONCLUSIONS

The analyses summarized above support the following principal

conclusi6ns regarding th'e nature of P wave propagation variation out of

the Shagan River test site.

(1) Teleseismic mb data provide strong evidence of systematic

geophysical variations within the Shagan River testing

area. In particular, there are large (0.5 mb units)

variations in the station-corrected mb residuals with

azimuth between explosions in close proximity in the

northeast and central portions of the test site.

(2) The observed azimuthal variability in the mb station cor-

rections with source location indicates that the network-

averaged mb values for explosions at Shagan River will be

dependent on the specific azimuthal distribution of the

stations used to compute the averages. This dependence

can be minimized by accounting for station-station corre-

lations in the network averaging procedure.

(3) Variations in mb residuals for stations in a given azimuth

and distance range which have positive station-station

correlation are systematic enough that they can be con-

toured as a function of source location. The resulting

contours .reveal that the largest mb variations take place

along propagation paths from the Shagan area to seismic

stations in France, with lesser variations occurring along

paths to other European stations and to North American

stations.

(4) When the teleseismic mb residuals from seismic stations in

continental Europe are projected back into the correspond-

ing P wave initiation areas near the source they reveal
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the existence of an anomalous volume of material located

northwest of the test site at a depth of about 100 km.

This anomalous volume apparently defocuses energy out of

certain ray paths and redirects the energy into other

ray paths. Presumably this anomalous volume corresponds

to some sharp lateral variation in physical properties,

in particular P wave velocity, at this depth. Available

geologic maps indicate no surface expression of this

anomaly.

(5) Teleseismic mb data from WWSSN stations to the south and

southeast of the test site reveal that propagation anoma-

lies also occur along these azimuths. However, the dis-

* tribution of observing stations in these azimuths is not

dense enough to permit the corresponding structural anoma-

lies to be isolated using the kinds of detailed analysis

procedures which were applied to the European data.

(6) In some cases, the observed patterns of mb residual varia-

tions can be correlated with similar patterns of variation

in either spectral composition, coda complexity or arrival

times of the P wave signals. The sense of these variations

is such that enhanced high frequency energy, decreased coda

complexity and delayed arrival times are all associated

with a positive shift in the mb residuals. Unfortunately,

* •these correlations are generally not very well defined and

waveform data are not currently available from the French

stations showing the most pronounced mb variability.

Analyses of such data could provide much insight into the

relationship between mb and waveform variability.

0O.

% d.

63

%W

-Z LLGY' ~ j,.. P .6L..A.I



-, '- -" - -" '- ----------------------------------------.------------------------------------------.------

RE F RENOES

5arker, 5. W. and 2. R. Murphy (1986), "An Analysis of the Effects of
Tectonic Release on Short-Period P Waves Observed From Shagan
River Explosions," SSS-R-87-8422, December.

4 Cormier, V. F. (1987), "Focusing and Defocusing of Teleseismic P Waves
By Known Three-Dimensional Structure Beneath Pahute Mesa,
Nevada Test Site," Bull. Seism. Soc. Am., 77, pp. 1688-1703.

Dermengian, R. Murphy and B. W. Barker (1985), "A Preliminary
Analysis of Seismic Variability at the Shagan River Nuclear Test
Site," SSS-R-86-7580, December.

Herrin, E., E. P. Arnold, B. A. Bolt, G. E. Clawson, E. R. Engdahl, H. W.
Freedman, D. W. Gordon, A. L. Hales, J. L. Lobdell, 0. Nuttli,
C. Romney, J. Taggart, and W. Tucker (1968), "1968 Seismological
Tables for P Phases," Bull. Seism. Soc. Am., 58, pp. 1193-1241.

Lay, T. and J. L. Welc (1987), "Analysis of Near-Source Contributions to
Early P-Wave Coda for Underground Explosions. I. Waveform Com-
plexity," Bull. Seism. Soc. Am., 77, pp. 1017-1040.

"M arshall, P. D., T. C. Bache, and R. C. Lilwall (1984), "Body Wave
_i1agnitudes and Locations of Soviet Underground Explosions at
the Semipalatinsk Test Site," AWRE Report No. 0-16/84, HMSO
London.

.. ,

L64

~% %



APPENDIX A

Station-Corrected mb Residuals as a Function

of Shagan River Event Location For Selected GDSN Stations
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APPENDIX B

Teleseismic Short-Period P Waveforms Recorded

at Selected GDSN Stations From Shagan River

Explosions, in Order of Station mb Residual
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